ABSTRACT Sharp declines in human and animal cases of plague, caused by the bacterium Yersinia pestis (Yersin), have been observed when outbreaks coincide with hot weather. Failure of bioÞlm production, or blockage, to occur in the ßea, as temperatures reach 30ЊC has been suggested as an explanation for these declines. Recent work demonstrating efÞcient ßea transmission during the Þrst few days after ßeas have taken an infectious blood meal, in the absence of blockage (e.g., early-phase transmission), however, has called this hypothesis into question. To explore the potential effects of temperature on early-phase transmission, we infected colony-reared Xenopsylla cheopis (Rothchild) ßeas with a wild-type strain of plague bacteria using an artiÞcial feeding system, and held groups of ßeas at 10, 23, 27, and 30ЊC. Naive Swiss Webster mice were exposed to ßeas from each of these temperatures on days 1Ð 4 postinfection, and monitored for signs of infection for 21 d. Temperature did not signiÞcantly inßuence the rates of transmission observed for ßeas held at 23, 27, and 30ЊC. Estimated per ßea transmission efÞciencies for these higher temperatures ranged from 2.32 to 4.96% (95% conÞdence interval [CI]: 0.96 Ð 8.74). In contrast, no transmission was observed in mice challenged by ßeas held at 10ЊC (per ßea transmission efÞciency estimates, 0 Ð1.68%). These results suggest that declines in human and animal cases during hot weather are not related to changes in the abilities of X. cheopis ßeas to transmit Y. pestis infections during the early-phase period. By contrast, transmission may be delayed or inhibited at low temperatures, indicating that epizootic spread of Y. pestis by X. cheopis via early-phase transmission is unlikely during colder periods of the year.
Plague, caused by the Gram-negative bacterium, Yersinia pestis (Yersin), is a disease that primarily affects rodents, but can also cause devastating outbreaks within human populations. The infection is typically transmitted by ßeas, and risks to humans appear to be greatest during epizootic periods that are associated with high rodent and ßea densities. Such periods are associated with climatic conditions that favor the growth of these animal populations (Parmenter et al. 1999 , Enscore et al. 2002 , Stenseth et al. 2006 ). In particular, temperature appears to be an important regulator of plague outbreaks. As early as the initial investigations in India, circa 1900, it was recognized that human cases were more frequent during warm, humid conditions, but when temperatures exceeded 27ЊC (80ЊF), epidemics would promptly decline, suggesting that hot weather inhibited transmission in some way (Rogers 1928 , Davis 1953 , Hirst 1953 , Pollitzer 1954 , Kartman and Prince 1956 , Cavanaugh and Marshall 1972 . More recent investigations have continued to identify meteorological variables as predictive of plague activity in human and wild rodent host populations, and have also detected declines in cases during hot weather (Snäll et al. 2008 , Pham et al. 2009 , Brown et al. 2010 .
The association between temperature and plague activity may be related to the effects of temperature on transmission by the ßea vector. The mechanism of transmission of Y. pestis by the ßea was described by Bacot and Martin (1914) as involving the multiplication of bacteria in the ßea midgut, with the eventual blockage of the proventriculus by a bacterial mass. Fleas in this condition are unable to pump blood into the midgut and are therefore said to be blocked. Infection of a new host occurs when blocked ßeas attempt to feed and bacteria from the mass get dislodged and injected into the bite wound. The ability of ßeas to become blocked has been reported to decline as temperatures exceed 23ЊC, and to be inhibited at 30ЊC (Kartman 1969 , Cavanaugh 1971 , Hinnebusch et al. 1998 ), which corresponds with observations that transmission of Y. pestis by ßeas is lower at temperatures above 27.5ЊC (Kartman and Prince 1956, Cavanaugh 1971) , and that ßeas clear infections faster at higher temperatures (Pollitzer 1954) . Together, these observations have been used to explain the sharp decline in human and animal cases of plague observed during hot weather (Pollitzer 1954 , Cavanaugh 1971 , Enscore et al. 2002 , Collinge et al. 2005 .
Recently, Eisen et al. (2006 Eisen et al. ( , 2007a demonstrated that proventricular blockage is not a prerequisite for transmission of Y. pestis by ßeas. Transmission efÞ-ciencies of ßeas exposed to naive mice between days 1 and 4 postinfection (p.i.), before blockage normally occurs, are similar to those described for blocked ßeas (Eisen et al. 2007a ). Moreover, transmission by ßeas in this early window of time after infection, termed earlyphase transmission (EPT), was estimated to be sufÞ-cient for epizootic spread of plague among rodent hosts (Eisen et al. 2006 (Eisen et al. , 2007a Wilder et al. 2008a) . Given that blockage may not be necessary for efÞcient transmission, at least during the Þrst few days after ßeas take an infectious blood meal, it is important to determine how temperature may affect transmission during this period. Understanding the inßuence of temperature on EPT efÞciency may have implications for understanding epizootic spread during hot and cool periods and for predicting and controlling naturally occurring plague outbreaks and preventing human infections ). This may be particularly important with regard to the potential effect of climate change on human plague risk (Nakazawa et al. 2007 ).
In the current study, we examine the effects of maintaining ßeas at different temperatures on EPT. We used the oriental rat ßea, Xenopsylla cheopis (Rothschild), in the study because this ßea has been considered the primary vector of Y. pestis to humans in many parts of the world, and because previous investigations have indicated that blockage and transmission by this ßea are inßuenced by temperature (Pollitzer 1954 , Kartman and Prince 1956 , Cavanaugh 1971 . We chose to hold ßeas at four different temperatures that represent the range of temperatures that ßeas are likely to encounter in rodent burrows as well as off the host in human dwellings or other artiÞcial structures (10 Ð30ЊC). We also aimed to re-examine the effect that temperatures previously reported to be unfavorable for blockage, and therefore, plague transmission (e.g., 27 and 30ЊC), have on vector efÞciency.
Materials and Methods
The temperatures examined in this study were 10, 23, 27, and 30ЊC; 10ЊC is approaching the lowest temperature that X. cheopis ßeas may encounter during the winter in some parts of its range (e.g., Mohr 1951) . The three higher temperatures are conditions X. cheopis is more likely to experience in rodent burrows or outside of burrows during summer months (Perry and Fetherston 1997) . These latter temperatures also span those under which ßea blockage and transmission have been reported to decline (Kartman 1969 , Cavanaugh 1971 , Hinnebusch et al. 1998 .
Male and female, colony-reared adult X. cheopis of unknown ages were starved for 4 Ð7 d at 23ЊC, and then randomly assigned to a temperature treatment group and placed in corresponding incubators set at 10, 23, 27, or 30ЊC, 24 h before being offered an infectious blood meal. The fully virulent Y. pestis strain, CO963188, used previously by Eisen et al. (2006 Eisen et al. ( , 2007a Eisen et al. ( , 2007b Eisen et al. ( , 2008 and Wilder et al. (2008a, b) , was used in the current study to infect ßeas. Methods for infecting ßeas, conÞrming transmission from ßeas to naive 6-wk-old female Swiss Webster mice, quantifying bacterial loads in ßeas, and evaluating vector competency 1Ð 4 d p.i., were similar to those described in detail by Eisen et al. (2006) . Brießy, on day 0, ßeas were removed from incubators and placed in artiÞcial feeders containing deÞbrinated Sprague-Dawley rat blood prewarmed to 37ЊC and spiked with on average (Ϯ1 SD) 1.56 ϫ 10 9 (Ϯ1.028 ϫ 10 9 ) colony-forming units/ml Y. pestis CO963188. After 1 h, ßeas were removed from feeders and examined using light microscopy. Fleas that had red blood in the proventriculus or midgut were identiÞed as having fed and were placed back into incubators; any ßeas that did not take a potentially infectious blood meal were discarded. Retained ßeas were maintained at their respective treatment temperatures and 85% RH for 1Ð 4 d p.i.
To assess transmission efÞciency of ßeas held at different temperatures, groups of 10 ßeas each were removed from the incubators on days 1Ð 4 p.i. and placed on anesthetized mice at room temperature for 1 h. After removal, the fed status and sex of each ßea were determined, and they were placed individually in microcentrifuge tubes and stored at Ϫ70ЊC. The challenged mice were held in separate Þlter-top cages, observed daily, and euthanized at the onset of symptoms (e.g., slow response to stimuli, rufßed fur). Infections were conÞrmed by Y. pestis anti-F1 antigen direct ßuorescent antibody assays of liver and spleen smears. Mice surviving to 21 d p.i. were euthanized, and serum from collected blood was tested for titers to Y. pestis F1 antigen by passive hemagglutination and inhibition tests (Chu 2000) . A total of 1,252 ßeas from nine separate artiÞcial feeding events was used to obtain at least six replicates (ϭchallenged mice) for each temperature and time point in the experiment. No detectable differences were observed in ßeas used from different artiÞcial feeds. All animal procedures were approved by the Division of Vector-Borne Infectious Diseases (Centers for Disease Control and Prevention) Institutional Animal Care and Use Committee.
Bacterial loads in fed ßeas were determined by grinding ßeas in heart infusion broth supplemented with 10% glycerol and performing serial dilutions of ßea triturate, and plated in duplicate on 6% sheep blood agar plates. In some cases (n ϭ 53), the ßea triturate became contaminated with other bacteria, prohibiting accurate Y. pestis colony counts. In these cases, ßea triturate dilutions were plated on selective Yersinia agar: Cefsulodin-Irgasan-Novobiocin/heart infusion broth agar. Colony counts on the latter media and sheep blood agar were of the same log (data not shown), and therefore, were not adjusted before analysis.
Transmission efÞciencies per individual ßea were estimated for each early-phase time point (1Ð 4 d p.i.) at each of the four temperature treatments, using maximum likelihood estimates calculated in the Microsoft Excel Add-In PooledInfRate, version 3.0 (Biggerstaff 2006). These estimates are based on the number of infected ßeas that fed on an individual mouse and whether or not transmission was observed in that mouse.
The proportions of ßeas that successfully fed on naive mice and their log 10 -transformed bacterial counts in ßeas were compared across temperatures and days p.i. using separate Poisson generalized linear models. We examined the potential effects of ßea sex on feeding success and temperature on ßea survival between days 0 and 3 p.i. using contingency tables. Infection prevalences across temperatures and days p.i. were also examined using contingency tables. Logistic regression was used to evaluate the relationships between ßea feeding success and bacterial loads on transmission success.
For comparisons with Eisen et al. (2007a) , the numbers of X. cheopis ßeas per host required for enzootic or epizootic transmission of Y. pestis under different temperatures were determined using the following model:
m ϭ R 0 (r/abp n ) where R 0 represents vectorial capacity of force of infection (e.g., the number of secondary infections arising from a focal infection), R 0 ϭ 1 during enzootic conditions, and R 0 Ն 2 during epizootics; m is the ßea density per host; a is the daily biting rate of infected ßeas; b is the probability of a ßea acquiring an infection after feeding on a septicemic host and transmitting the infection during a subsequent feeding on a susceptible host; p n is the probability of the ßea surviving the extrinsic incubation periods (deÞned as the duration of the time from which a ßea is infected until it can transmit); and r deÞnes the reciprocal life expectancy of the host after it reaches threshold septicemia.
Results
Temperatures of 23, 27, and 30ЊC did not differ signiÞcantly with respect to ßea transmission efÞcien-cies of Y. pestis by X. cheopis during EPT (Table 1 ; Fig.  1 ). No transmission was observed on day 3 p.i. at 23ЊC or day 2 p.i. at 27ЊC; however, transmission was observed at each of the other three time points for these temperatures, and on every day p.i. for 30ЊC (Table 1) . Transmission efÞciencies (95% conÞdence interval [CI] ) estimated for the entire early-phase period for 23, 27, and 30ЊC were 4.4 (2.1Ð 8.3), 2.3 (1.0 Ð 4.8), and 5.0 (2.6 Ð 8.7), respectively. These per ßea transmission efÞciencies were similar to those observed for Y. pestis by X. cheopis at 23ЊC by Eisen et al. (2007a) : 6.4% (2.8 Ð12.8). Maintaining ßeas at 10ЊC, however, did signiÞcantly reduce the likelihood of transmission during early phase. In fact, no transmission was observed during the entire early-phase period at 10ЊC (Table 1) , which yielded an estimate for transmission efÞciency of 0.0% (95% CI: 0.0 Ð1.7), an estimate that was outside the 95% CIs for 23 and 30ЊC.
Flea feeding success rates among the pools of ßeas feeding on mice ranged from 30 to 100%. The average feeding success for all ßeas at 10ЊC was 74.5%, at 23ЊC it was 71.7%, at 27ЊC it was 83.0%, and at 30ЊC it was 75.3%. The overall feeding success for all ßeas used in the experiment was 76.4%. A signiÞcant difference in feeding rates was observed across temperatures ( 2 ϭ 8.889, df ϭ 3, P ϭ 0.031). This difference was related to the higher feeding rates observed at 27ЊC, compared with the three other temperatures. Feeding success rates did not vary across time points p.i. ( 2 ϭ 3.482, df ϭ 3, P ϭ 0.323), although there was a signiÞcant interaction between temperature and days p.i. ( 2 ϭ 24.234, df ϭ 9, P ϭ 0.0039), with feeding rates declining at 10 and 23ЊC, remaining similar at 27ЊC, and increasing at 30ЊC between days 1 and 4 p.i. There were no ) 4 (7) 8.8 (3.0, 22.1) differences in the rates of feeding success, however, between male and female ßeas ( 2 ϭ 0.33, df ϭ 1, P ϭ 0.569), or in association with transmission of Y. pestis (logistic regression; 2 ϭ 0.18, df ϭ 1, P ϭ 0.664). Infection prevalences of Y. pestis in our fed, experimental ßeas were similar across temperatures throughout the study period ( 2 ϭ 7.4, df ϭ 3, P ϭ 0.059). Infection prevalences ranged from 89.8 to 100%, and averaged 96.4%. Males and females also had similar overall infection prevalences of 97.4 and 95.3%, respectively. The distribution of experimental ßeas in which no bacteria were detected after they had consumed an infectious blood meal, and thus, had presumably cleared their infections, was signiÞcantly different between males and females at 23ЊC (Fisher exact test, P ϭ 0.023). None of 54 males at this temperature cleared their infections, whereas 14 of 146 (8.8%) females cleared their infections within 4 d p.i. However, no other differences between males and females were found across temperatures and time points p.i.
Bacterial loads (log 10 ϩ 1 colony-forming unit/ßea) of fed, infected ßeas were signiÞcantly inßuenced by maintenance temperature ( 2 ϭ 72.64, df ϭ 3, P Ͻ 0.0001) and time point p.i. ( 2 ϭ 36.15, df ϭ 3, P Ͻ 0.0001). There was also a signiÞcant interaction effect between temperature and time point ( 2 ϭ 66.54, df ϭ 9, P Ͻ 0.0001). Overall, ßeas held at 10ЊC had a signiÞcantly higher bacterial load than ßeas held at the three other temperatures (Table 1) . Bacterial loads were lowest in ßeas held at 27ЊC. Fleas in the 23, 27, and 30ЊC temperature groups displayed a decline in bacterial loads between days 1 and 4 p.i., whereas a rise in the number of bacteria per ßea was observed for ßeas at 10ЊC (Table 1) . Despite these relationships between bacterial loads and ßea treatments, the bacterial loads of ßeas feeding on mice were not predictive of transmission success (logistic regression; 2 ϭ 0.33, P ϭ 0.566).
Survival of infected ßeas to day 3 p.i. varied by temperature ( 2 ϭ 40.52, df ϭ 3, P Ͻ 0.0001), with the highest observed proportion of ßeas surviving at 23ЊC and the lowest proportion at 10ЊC (Table 2) .
Based on the overall transmission efÞciencies, ßea biting rates, and survival rates observed in our study, and the expected duration of septicemia in the host (Table 2) , the estimated numbers of ßeas per host needed for enzootic or epizootic spread of Y. pestis in a susceptible host population (R 0 Ն 1.0) at 10, 23, 27, and 30ЊC during EPT were Ն43.4, 16.6, 27.9, and 14.4, respectively.
Discussion
Historically, proventricular blockage by Y. pestis has been regarded as the primary mechanism of plague transmission by the ßea. The failure to observe blockage in ßeas at 30ЊC (e.g., Kartman 1969 , Hinnebusch et al. 1998 ) has been used to help explain the decline of Y. pestis transmission at high temperatures (Cavanaugh 1971, Perry and Fetherston 1997) . However, our study demonstrates that EPT by X. cheopis is not inhibited at this temperature. Transmission efÞciency at 30ЊC was essentially the same as that observed at 23ЊC. In fact, overall, we observed the highest number of transmission events (number of mice that became infected/total number of mice challenged ϭ 31.3%) at 30ЊC. These data are consistent with recent observations that suggest blockage is not necessary for efÞ-cient EPT by X. cheopis (Eisen et al. 2006 , 2007a , Vetter et al. 2010 . In particular, bioÞlm production by Y. pestis is believed to be mediated by hemin storage (hms) genes (Hinnebusch et al. 1996 , Kirillina et al. 2004 , and hms activity declines at temperatures approaching 37ЊC (Perry 2003 , Hinnebusch et al. 1998 ; however, loss of hms genes in the KIM5(pCD1) Y. pestis mutant strains did not coincide with a loss of transmission to mice (Vetter et al. 2010) . Therefore, even though it is predicted that bioÞlm production will be reduced at 30ЊC compared with 23ЊC, our results support the suggestion by Vetter et al. (2010) that bioÞlm is not required for EPT.
Interestingly, our results at higher temperatures are in contrast to earlier studies that observed a decline in transmission with rising temperatures. For instance, Kartman (1969) reported lower transmission by X. cheopis at 29.5ЊC compared with 23.5ЊC, although from his descriptions, it is not clear whether the ßeas that transmitted infections to mice were at the preblocked or blocked stage. It may be that transmission in the early-phase period, which occurs in the Þrst few days after a ßea takes an infectious blood meal and is before blockage formation, is not affected by high tempera- b Maximum likelihood estimates (95% CI) of per ßea transmission efÞciency (%) for early-phase transmission based on the present study; converted to proportions in vectorial capacity model. c Data from Lorange et al. (2005) . d Based on Eisen et al. (2007a) , we assumed an extrinsic incubation period (n) of 1 d for each temperature; per day ßea survival rates were estimated based on ßea counts made on day 3 p.i. in the present study.
tures, but that transmission declines when ßeas are held at high temperatures for longer periods of time. Such declines might be associated with the lower likelihood of bacterial masses to form in the proventriculus, which is critical for blockage formation, at high temperatures, or with the greater bacterial clearance rates observed for ßeas held at high temperatures (Kartman 1969 , Cavanaugh 1971 , Hinnebusch et al. 1998 . During the early-phase period examined in our study, when compared with ßeas held at 23 or 27ЊC, ßeas held at 30ЊC did not experience a greater reduction in bacterial loads over 4 d p.i. Therefore, clariÞ-cation of the role of temperature in inßuencing ßea vectorial capacity may depend on extending transmission studies beyond the early-phase period. Our study does suggest, however, that the halting of plague epidemics during hot weather is not because of an arrestment of EPT by ßeas.
Contrary to the lack of an effect on transmission at high temperatures, ßeas held at our lowest temperature (10ЊC) did not transmit Y. pestis to mice during the early-phase period. This is consistent with reports that the extrinsic incubation period may be longer and transmission efÞciencies lower at temperatures below 23ЊC (Kartman and Prince 1956, Kartman 1969) . Kartman (1969) observed no transmission by ßeas held at 4.5ЊC, although transmission was observed in his ßeas held at 8ЊC. A longer extrinsic incubation period at low temperatures suggests that bioÞlm production or bacterial growth or both are slower. We did not examine bioÞlm production in our study; however, we observed an increase in bacterial loads over the earlyphase period in ßeas held at 10ЊC, in contrast to the declining loads that were observed at the three higher temperatures.
It is not clear what might explain the absence of transmission and increasing bacterial loads over time in ßeas held at 10ЊC. Y. pestis has adapted to cold temperatures and persists in rodent hosts during hibernation or in ßeas during the winter (Maevskii et al. 1999 , Bazanova et al. 2007 . The transcription of a speciÞc set of genes is up-regulated when exposed to cold (Han et al. 2005) , and lipopolysaccharide structural changes take place, which may inßuence the virulence of Y. pestis (Han et al. 2005 , Knirel et al. 2005a . For example, cells that were grown at 6ЊC, and had differences in the structural component of their lipopolysaccharide, were highly sensitive to the bactericidal activity of normal human serum, in contrast to cells grown at 25 and 37ЊC, which were resistant (Anisimov et al. 2005) . Thus, the poor transmission efÞciency observed at 10ЊC may reßect the susceptibility of Y. pestis to host defenses, although passage through the ßea also appears to promote survival and dissemination of plague bacilli in the mammalian host (Vadyvaloo et al. 2010) . Alternatively, it may be that at low temperatures, more bioÞlm is produced, such that transmission efÞciency declines because bacteria are not as easily dislodged from the mass during ßea feeding. In support of this idea, upregulation of the hms gene was observed during coldshock treatment (transfer from 37 to 10ЊC) by Han et al. (2005) , and Vetter et al. (2010) reported decreased transmission of a bioÞlm-overproducing Y. pestis mutant compared with parent and bioÞlm-deÞcient strains in EPT.
It is also possible that interactions between the bacteria and the ßea are altered at cold temperatures. Yersina murine toxin (Ymt), a phospholipase that is required for Y. pestis survival in the ßea, is involved in suppressing antibacterial activity in the ßea (Hinnebusch et al. 2002) . Transcription of the ymt gene was found to be up-regulated during cold-shock by Han et al. (2005) ; therefore, growth of Y. pestis colonies may not be inhibited as effectively by ßeas at 10ЊC. An examination of transmission efÞciencies beyond the early-phase period may be necessary to fully understand the effects that cold temperatures have on transmission by X. cheopis.
The per ßea transmission efÞciencies observed in our study suggest that similar numbers of ßeas per host (16.6 Ð27.9) would be necessary for maintaining enzootic and epizootic plague activity at the three higher temperatures during EPT. In nature, estimates of X. cheopis per host range from 1 to 12, but that many more infectious ßeas may remain in rodent nests or burrows (Hirst 1953 , Pollitzer 1954 , Schwan 1986 , Lorange et al. 2005 . Thus, our estimates are within the ranges observed in nature. Estimates of Ͼ43 ßeas per host at 10ЊC, however, would be less likely, and therefore, may help explain why plague activity tends not to occur during cold seasons of the years.
Clearly, more work is needed to understand the effects of temperature on Y. pestis growth and persistence in the ßea gut. A re-examination of the factors that inßuence transmission efÞciency by the ßea is particularly warranted. If EPT is important for epizootic spread as hypothesized (Eisen et al. 2006 (Eisen et al. , 2007a and temperatures above 27ЊC do not inhibit the transmission efÞciency of Y. pestis by X. cheopis during EPT as previously predicted, then alternative mechanisms will have to be examined to explain the declines in human and animal plague cases that have been reported in India, Vietnam, Africa, and the United States during hot weather (Rogers 1928 , Pollitzer 1954 , Cavanaugh and Marshall 1972 , Pham et al. 2009 , Brown et al. 2010 . It is possible that the decline in cases is related to changes in ßea, rodent, or human behavior, such that contact between humans and infected ßeas is greatly diminished during hot weather. For instance, ßeas may be less inclined to leave rodent burrows or have reduced host-seeking efÞciencies under hot conditions, after death of their hosts (Hirst 1953) . Moreover, ßeas are also highly susceptible to dry conditions, such that a decline in human cases may be a reßection of higher rates of ßea mortality during periods that are both hot and dry (Bacot and Martin 1914 , Brooks 1917 , Petrie and Todd 1924 , Rogers 1928 . To fully understand the implications that climate change may have on human plague risk, these and other plausible explanations will have to be explored. 
